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We consider the two-step method [A. R. Kuzmak, V. M. Tkachuk, Phys. Lett.
A 378, 1469 (2014)] for preparation of an arbitrary quantum gate on two spins
with anisotropic Heisenberg interaction. At the first step, the system evolves
during some period of time. At the second step, we apply pulsed magnetic field
individually to each spin. We obtain the conditions for realization of SWAP,
iSWAP,
√
SWAP and entangled gates. Finally, we consider the implementation
of this method on the physical system of ultracold atoms in optical lattice.
PACS number: 03.65.Aa, 03.65.Ca, 03.67.Ac
1 Introduction
Quantum calculations consist of the circuit of unitary operators which pro-
vides the quantum evolution of a system of qubits. This circuit of operators
is called quantum algorithm, and a particular operator is called a quantum
gate. An arbitrary gate which provides the transformation of one qubit can
be created using two different one-qubit gates (see, for example, [2, 3]). Also
it was shown that any two one-qubit gates and one two-qubit gate is suf-
fice for the preparation of an arbitrary quantum unitary transformation of n
qubits system [4].
The problem of implementation of effective computations is related to
the problem of the system control. This in turn requires finding physical
systems which allow to prepare the quantum gates. These systems must be
isolated from their environment for providing a high degree of coherence.
The states prepared on such systems must be measured with high fidelity.
Such systems were suggested in many papers: spins of electrons and nuclei
of atoms [5, 6, 7, 8], superconducting circuits [9, 10, 11, 12], trapped ions
[13, 14, 15, 16, 17, 18, 19], and ultracold atoms [20, 21, 22, 23, 24, 25, 26]
etc.
Also it is important to find methods which allow to prepare specific quan-
tum gates during the minimal possible time. This fact allows to provide fast
quantum computations and save the energy resources. For instance, the
conditions for time-optimal evolution of a spin-1
2
in the magnetic field were
obtained in [27, 28, 29, 30]. Similar problems for the spin-1 and arbitrary
1
spin were solved in [31] and [32], respectively. Also it was widely studied
the implementation of quantum gate on two spins with different types of
interaction [33, 34, 35, 36, 37, 38, 39].
In previous paper [1] we obtained the two-step method for the prepara-
tion of an arbitrary quantum state of two spins with isotropic Heisenberg
interaction. In present paper, we consider the preparation of an arbitrary
quantum gate on two spins with an anisotropic Heisenberg interaction (Sec.
2). Conditions for preparation of SWAP, iSWAP, square root of SWAP and
entangled gates are obtained in Sec. 3. In Sec. 4 we consider the implemen-
tation of this method on a system of ultracold atoms. Conclusions are given
in Sec. 5.
2 Method for preparation of an arbitrary two-
qubit quantum gate
We consider the method which allows to prepare an arbitrary quantum gate
on two spins with anisotropic Heisenberg interaction
Hint =
J
4
(
σ1xσ
2
x + σ
1
yσ
2
y + γσ
1
zσ
2
z
)
, (1)
where σiα are the Pauli matrices for i-th spin, J is the interaction coupling and
γ is any real number that defines the anisotropy of the system. When γ = 1
then interaction between two spins is represented by the isotropic Heisen-
berg Hamiltonian. In the case of γ = 0 the interaction between two spins is
described by the Heisenberg XX model. Hamiltonian (1) has one two-fold
degenerate eigenvalue γJ/4 with the eigenvectors | ↑↑〉, | ↓↓〉, and eigenval-
ues (−γJ + 2J) /4, (−γJ − 2J) /4 with the eigenvectors 1/√2 (| ↑↓〉+ | ↓↑〉),
1/
√
2 (| ↑↓〉 − | ↓↑〉), respectively.
The method which we use is similar to that proposed by us in paper [1]
and consists of two steps. At the first step, the evolution of two spins is
defined by unitary operator with Hamiltonian (1)
Uint = e
−iHintt =
[
1 +
(
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(
Jt
2
)
− 1
)
1
2
(
1− σ1zσ2z
)− i
2
sin
(
Jt
2
)(
σ1xσ
2
x + σ
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)]
×
[
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(
γJt
4
)
− i sin
(
γJt
4
)
σ1zσ
2
z
]
. (2)
Here we use the fact that XX and ZZ parts of Hamiltonian mutually com-
mute and that(
σ1xσ
2
x + σ
1
yσ
2
y
)2
= 2
(
1− σ1zσ2z
)
,
(
σ1zσ
2
z
)2
= 1.
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We set h¯ = 1, which means that the energy is measured in the frequency
units. In the basis labelled by | ↑↑〉, | ↑↓〉, | ↓↑〉 and | ↓↓〉, operator (2) can
be represented as
Uint =


e−i
γJt
4 0 0 0
0 cos
(
Jt
2
)
ei
γJt
4 −i sin (Jt
2
)
ei
γJt
4 0
0 −i sin (Jt
2
)
ei
γJt
4 cos
(
Jt
2
)
ei
γJt
4 0
0 0 0 e−i
γJt
4

 . (3)
At the second step, at the moment of time t1 we apply pulsed magnetic fields
individually to each spin
Hmf =
ω1
2
σ
1 · n1δ(t− t1) + ω2
2
σ
2 · n2δ(t− t1), (4)
where ωi is proportional to the strength of the magnetic field for i-th spin,
ni = (sin θi cosφi , sin θi sinφi , cos θi) is a unit vector defined by the spherical
angles θi, φi which determine the direction of the magnetic field for the i-th
spin, and δ(t − t1) is Dirac’s delta function which allows us to neglect the
interaction between spins when the magnetic field is applied.
So, the operator of evolution for two spins in the magnetic fields at the
moment of time t1 takes the form
Umf = e
−i(ω1
2
σ
1·n1+ω2
2
σ
2·n2)
=
(
cos
ω1
2
− iσ1 · n1 sin ω1
2
)(
cos
ω2
2
− iσ2 · n2 sin ω2
2
)
. (5)
Here we use the fact that σ1·n1 and σ2·n2 mutually commute and (σi · ni)2 =
1. The first and the second factors in this operator describe quantum evolu-
tion of the first and second spins under the external magnetic fields, respec-
tively. In the matrix representation operator (5) has the form
Umf = U1U2, (6)
where
U1 =

 cos ω12 − i sin ω12 cos θ1 0 −i sin ω12 sin θ1e−iφ1 00 cos ω12 − i sin ω12 cos θ1 0 −i sin ω12 sin θ1e−iφ1−i sin ω1
2
sin θ1eiφ1 0 cos
ω1
2
+ i sin ω1
2
cos θ1 0
0 −i sin ω1
2
sin θ1eiφ1 0 cos
ω1
2
+ i sin ω1
2
cos θ1

 (7)
and
U2 =

 cos ω22 − i sin ω22 cos θ2 −i sin ω22 sin θ2e−iφ2 0 0−i sin ω22 sin θ2eiφ2 cos ω22 + i sin ω22 cos θ2 0 0
0 0 cos ω2
2
− i sin ω2
2
cos θ2 −i sin ω22 sin θ2e−iφ2
0 0 −i sin ω2
2
sin θ2eiφ2 cos
ω2
2
+ i sin ω2
2
cos θ2

. (8)
3
3 Preparation of quantum gates
Using the method from previous section let us obtain the conditions for
realization of some two-qubit quantum gate. The target gate W is achieved
from the circuit of unitary operators with modulo a global phase as follows
W = eiχU(λ1)U(λ2) . . . , (9)
where λi is the set of parameters which allows to achieve the target gate and
χ is some phase. In our case the circuit consists of two unitary operators,
namely, operator which provide interaction between spins (2) and action of
external magnetic fields (5). To obtain the parameters for realization some
quantum gate we consider the fidelity between circuit of unitary operators
and target operator [40]
F =
1
4
ℜ(Tr[W+UmfUint]). (10)
So, we obtain the target gate when the fidelity reaches the value F = 1.
Let us demonstrate this explicitly on some examples. Firstly, we consider
the implementation of the SWAP and iSWAP gates
WSWAPβ =


1 0 0 0
0 0 eiβ 0
0 eiβ 0 0
0 0 0 1

 , (11)
where β takes two values 0 and pi/2 for SWAP and iSWAP gates, respec-
tively. These gates exchange the states of two qubits. Using equation (10)
with (3), (6), and (11) we obtain a set of conditions for realization SWAP
and iSWAP gates. These gates we achieve for Jt = pi + 2pin, where n ∈ Z.
Then χ = γ (pi/4 + pin/2). So, the SWAP operator additionally satisfies the
following sets of conditions:
1) for γ = 4p+ 1 the magnetic fields should be switched off (ω1 = ω2 = 0)
and
2) for γ = 4p+3 the magnetic fields must be satisfied the following conditions
ω1 = −ω2 = pi and θ1 = θ2 = 0, where p ∈ Z.
In the first case we just allow the system evolves during the time t1 =
| (pi + 2pin) /J |. In the second case the system evolves during the time
t1 = | (pi + 2pin) /J |, and at the moment of time t1 we apply to each spin
along the z-axis opposite magnetic fields with the same magnitude. The
iSWAP operator can be implemented for the following cases:
1) γ = 4p, then for even n the parameters which determine the magnetic field
4
take the form ω1 = −ω2 = pi and θ1 = θ2 = 0, and for odd n the magnetic
fields should be switched off;
2) γ = 4p+ 2, for even n the magnetic fields should be switched off, and for
odd n the magnetic fields satisfy the following conditions ω1 = −ω2 = pi and
θ1 = θ2 = 0.
The next gate which we study is the square root of SWAP operator
W√SWAP =


1 0 0 0
0 1
2
(1 + i) 1
2
(1− i) 0
0 1
2
(1− i) 1
2
(1 + i) 0
0 0 0 1

 . (12)
This gate is a fundamental operator because many unitary operations can be
implemented by the square root of SWAP and single qubit operations [39].
This gate can be achieved on two spins for Jt = pi/2 + 2pin and γ = 4p+ 1,
where n, p ∈ Z. Then ω1 = ω2 = 0 if p is even and ω1 = −ω2 = pi, θ1 = θ2 = 0
if p is odd. Here χ = γ (pi/8 + pin/2).
Also we can prepare the quantum gate which allows to achieve the en-
tangled states. For this purpose Jt must be equal pi/2 + pin, where n ∈ Z.
The easiest way to obtain the gate which creates the following Bell states
|Ψ±〉 = 1√
2
(| ↑↓〉 ± | ↓↑〉) from the states | ↑↓〉 and | ↓↑〉 is to put Jt = pi/2,
γ = 0, ω1 − ω2 = pi/2 and θ1 = θ2 = 0. This gate has the form
WENT =


e−
i
2
(ω1+ω2) 0 0 0
0 1√
2
e−i
pi
4
1√
2
e−i
3pi
4 0
0 1√
2
e−i
pi
4
1√
2
ei
pi
4 0
0 0 0 e
i
2
(ω1+ω2)

 . (13)
The similar gate which allows to create the following pair of Bell states
|Φ±〉 = 1√
2
(| ↑↑〉 ± | ↓↓〉) can be achieved from gate (13) as follows
e−i
pi
2
σ1xWENT e
ipi
2
σ1x =


1√
2
ei
pi
4 0 0 1√
2
e−i
pi
4
0 e
i
2
(ω1+ω2) 0 0
0 0 e−
i
2
(ω1+ω2) 0
1√
2
e−i
3pi
4 0 0 1√
2
e−i
pi
4

 . (14)
This gate allows to prepare |Φ+〉 and |Φ−〉 states from | ↓↓〉 and | ↑↑〉 states,
respectively.
5
4 Physical implementation on ultracold atoms
In this section we propose the implementation of two-qubit quantum gates
on physical system of ultracold atoms in optical lattice. The ultracold atoms
are very useful for realization of quantum calculations [24, 25, 26, 41, 42,
43, 44, 45, 46] because such systems allow easily simulating an effective spin
system with controlled interaction [20, 22, 23, 47, 48, 49, 50, 52, 53, 54]. To
prepare an effective spin system the atoms with two relevant internal states,
which define the effective spin projection σ =↑, ↓, are used. Using periodic
potential Vσ sin
2 (kr) generated by the laser beams with wave vectors k a set
of N ultracold bosonic or fermionic atoms are trapped in optical lattice with
certain directions [20, 22, 51, 52, 53, 54, 55]. The Hamiltonian of the two
trapped atoms is given by
H = −
∑
σ
(
tσa
+
1σa2σ +H.c.
)
+
1
2
∑
iσ
Uσσniσ (niσ − 1) + U↑↓
∑
i
ni↑ni↓, (15)
where i labels the site, aiσ are the bosonic (or fermionic) annihilation oper-
ators, niσ = a
+
iσaiσ. The tunnelling and one-site interaction energies for the
cubic lattice are defined by [20, 21, 22]
tσ =
4√
pi
Er
(
Vσ
Er
)3/4
exp
[
−2
(
Vσ
Er
)1/2]
,
U↑↓ =
√
8
pi
ka↑↓Er
(
V ↑↓
Er
)3/4
,
U bσσ =
√
8
pi
kaσσEr
(
Vσ
Er
)3/4
, Ufσσ = 2Er
√
Vσ
Er
, (16)
where Er = h¯
2k2/(2m) is the atomic recoil energy, aσσ is the scattering length
between two atoms and V ↑↓ = 4V↑V↓/(V
1/2
↑ + V
1/2
↓ )
2 is the spin average
potential in each direction and U b,fσσ correspond to bosonic and fermionic
atoms, respectively.
So, in the regime where tσ ≪ Uσσ, U↑↓ the parameter tσ can be considered
as a perturbation parameter. Then Hamiltonian (15) with respect to the
second-order of perturbation theory is equivalent to Hamiltonian (1). Then,
J = ±t↑t↓
U↑↓
, γJ =
t2↑ + t
2
↓
2U↑↓
− t
2
↑
U↑↑
− t
2
↓
U↓↓
, (17)
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where the ”+” and ”−” signs in J correspond to the cases of fermionic and
bosonic atoms, respectively, and for fermionic atoms the last two terms in
γJ vanish since Uσσ ≫ U↑↓. So, as we can see from (16), changing intensity
of the beams we can control the interaction between the effective spins.
The single-spin rotation in optical lattices can be provided using method
described in paper [50]. This method is based on the interference of laser
beams. This experimental techniques allows appling the effective magnetic
field with the value defined by the Rabi frequency Ω individually to each
spin. The time of single-spin rotation on angle η around some axis depends
on Ω as follows trot = η/Ω. So, as we can see the grater Ω the shorter time
for rotation is needed. Therefore, the preparation of the effective local pulse
magnetic field, which is necessary for implementation of considered methods
in Section 2, can be experimentally realized due to very rapidly rotating of
a single spin. For this purpose the following condition should be satisfied
Ω≫ J .
For instance, let us find the conditions on Hamiltonian (15) for the prepa-
ration of SWAP (11) and
√
SWAP (12) gates. The simplest way for im-
plementation of this gates requires the preparation of the isotropic Haisen-
berg Hamiltonian. From expression (17) it follows that this Hamiltonian
can be created when the following conditions are satisfied: t↑ = t↓ and
U↑↓ = U↑↑ = U↓↓. The implementation of iSWAP gate requres the prepara-
tion at least theXX Hamiltonian. Similarly as in the previous case we obtain
the conditions 2U↑↓ = U↑↑ = U↓↓ which should be imposed on the system of
ultracold atoms. Another example to be addressed in regards the implemen-
tation of entangled gate (13). This gate also requires the preparetion of the
XX Hamiltonian.
As noted in the introduction, to prepare the quantum gate with high
fidelity the coherence time tc of the system should be longer than the time
of preparation of a quantum gate tgate (tgate ≤ tc). So, we can obtain the
limitation on the interaction caupling J to achieve the maximally possible
fidelity for the preparetion of a particular quantum gate. Using the results
from the Section 3 for minimally possible time of the implementation of
quantum gates (n = 0) let us find this limit for each quantum gate. To
implement the SWAPβ gate (11) the following condition J ≥ pi/tc should be
satiesfied. In the case of
√
SWAP gate (12) and entangled gates (13), (14)
we obtain the following condition J ≥ pi/(2tc). So, the interaction coupling
is limited by the coherence time. The longer the coherence time the smaller
the interaction coupling can be chosen and vice versa. However, on the other
hand, as we know from the present section, to prepare effective Heisenberg
Hamiltonian (1) on the ultracold atoms the tunneling parameters tσ must be
much smaller than one-site interaction energies Uσσ and U↑↓. This fact makes
7
the interaction coupling a small value, that in turn requires a sufficiently long
coherence time of system. Therefore, the implementation of the quantum
calculations on ultracold atoms requires the system with a sufficiently long
coherence time. One such system is the 87Rb atoms in optical lattice [46, 52].
Let us obtain the limitation on J for preparation of quantum gates considered
in Section 3 on this system.
In paper [46] it was prepared the array of pairs of 87Rb atoms in a three-
dimensional optical lattice. The interaction between each pair is described
by Heisenberg Hamiltonian (1). The coherence time achieved by the authors
for such pair is more than 10 ms. So, to implement the quantum gates
with maximal fidelity the interaction coupling J should not be less than
≈ 0, 314kHz for SWAPβ gate (11) and ≈ 0, 157kHz for
√
SWAP (12) and
entangled gates (13), (14). Also it is worth to noting that the authors of
paper [46] realized on such system the SWAP and
√
SWAP gates.
5 Conclusion
We considered the method which allows to prepare an arbitrary quantum
gate on two spins defined by anisotropic Heisenberg interaction (1). This
method consists of two steps. At the first step, the system evolves during
some period of time t1. At the second step, at the moment of time t1 we apply
pulsed magnetic field individually to each spin. Choosing the parameter of
anisotropy, time of evolution, values and directions of magnetic fields we
can prepare the required quantum gate. We obtained the conditions for
preparation of SWAP, iSWAP, square root of SWAP and entangled gates.
Finally we considered the implementation of this method on physical system
of ultracold atoms in optical lattice. This system is very useful for realization
of quantum gates because it allows easily simulating an effective spin system
with controlled interaction. We obtain the conditions for realization of some
quantum gates and limitation on the value of interaction coupling between
spins.
6 Acknowledgement
The author thanks Prof. Andrij Rovenchak and Dr. Taras Verkholyak
for useful comments. This work was supported by Project FF-30F (No.
0116U001539) from the Ministry of Education and Science of Ukraine.
8
References
[1] A. R. Kuzmak, V. M. Tkachuk, Phys. Lett. A 378, 1469 (2014).
[2] A. Yu. Kitaev, A. H. Shen, M. N. Vyalyi, Classical and Quantum Com-
putation (American Mathematical Society, USA, 2002).
[3] T. Krokhmalskii, J. Phys. Stud. 8, 1 (2004).
[4] A. Barenco, C. H. Bennett, R. Cleve, D. P. DiVincenzo, N. Margolus,
P. Shor, T. Sleator, J. A. Smolin, H. Weinfurter, Phys. Rev. A 52, 3457
(1995).
[5] Daniel Loss and David P. DiVincenzo, Phys. Rev. A 57, 120 (1998).
[6] Guido Burkard, Daniel Loss. and David P. DiVincenzo, Phys. Rev. B
59, 2070 (1999).
[7] B. E. Kane, Nature 393, 133 (1998).
[8] Jarryd J. Pla, Kuan Y. Tan, Juan P. Dehollain, Wee H. Lim, John J. L.
Morton, Floris A. Zwanenburg, David N. Jamieson, Andrew S. Dzurak
and Andrea Morello, Nature 496, 334 (2013).
[9] L. F. Wei, Yu-xi Liu and Franco Nori, Phys. Rev. B 71, 134506 (2005).
[10] J. E. Mooij, T. P. Orlando, L. Levitov, Lin Tian, Caspar H. van der Wal
and Seth Lloyd, Science 285, 1036 (1999).
[11] Yuriy Makhlin, Gerd Scho¨n and Alexander Shnirman, Rev. Mod. Phys.
73, 357 (2001).
[12] J. Majer et al., Nature 449, 443 (2007).
[13] K. Molmer, A. Sorensen, Phys. Rev. Lett. 82, 1835 (1999).
[14] D. Porras, J. I. Cirac, Phys. Rev. Lett. 92, 207901 (2004).
[15] F. Mintert, Ch. Wunderlich, Phys. Rev. Lett. 87, 257904 (2001).
[16] Leibried etc, Nature 438, 639 (2005).
[17] J. W. Britton, B. C. Sawyer, A. C. Keith, C. C. Joseph Wang, J. K.
Freericks, H. Uys, M. J. Biercuk, J. J. Bollinger, Nature 484, 489 (2012).
[18] J. G. Bohnet, B. C. Sawyer, J. W. Britton, M. L. Wall, A. M. Rey, M.
Foss-Feig, J. J. Bollinger, Science 352, 1297 (2016).
9
[19] R. Blatt, C. F. Roos, Nature Physics 8, 277 (2012).
[20] L.-M. Duan, E. Demler, M. D. Lukin, Phys. Rev. Lett. 91, 090402
(2003).
[21] A. B. Kuklov, B. V. Svistunov, Phys. Rev. Lett. 90, 100401 (2003).
[22] I. Bloch, Many-Body Physics with Ultracold Gases Edited by C. Sa-
lomon, G. Shlyapnikov, L. F. Cugliandolo (Oxford University Press,
Oxford, UK, 2013), pp. 71-108.
[23] Ch. Gross, I. Bloch, Science 357, 995 (2017).
[24] D. Jaksch, Contemporary Physics 45, 367 (2004).
[25] I. Bloch, Nature 453, 1016 (2008).
[26] J. I. Cirac, P. Zoller, Phys. Rev. Lett. 74, 4091 (1995).
[27] I. Bengtsson and K. Z˙yczkowski, Geometry of quantum states, (New
York: Cambridge University press, 2006).
[28] U. Boscain, P. Mason, J. Math. Phys. 47, 062101 (2006).
[29] V. M. Tkachuk, Fundamental problems of quantum mechanic (Lviv: Ivan
Franko National University of Lviv, 2011). [in Ukrainian]
[30] A. D. Boozer, Phys. Rev. A 85, 012317 (2012).
[31] A. M. Frydryszak and V. M. Tkachuk, Phys. Rev. A 77, 014103 (2008).
[32] A. R. Kuzmak, V. M. Tkachuk, Phys. Lett. A 379, 1233 (2015).
[33] A. Carlini, A. Hosoya, T. Koike and Y. Okudaira, Phys. Rev. A 75,
042308 (2007).
[34] A. R. Kuzmak, V. M. Tkachuk, J. Phys. A 46, 155305 (2013).
[35] N. Khaneja, S. J. Glaser and R. Brockett, Phys. Rev. A 65, 032301
(2002).
[36] T. O. Reiss, N. Khaneja, S. J. and Glaser, J. Magn. Reson 165, 95
(2003).
[37] H. Yuan and N. Khaneja, Phys. Rev. A 72, 040301 (2005).
[38] R. Zeier, H. Yuan and N. Khaneja, Phys. Rev. A 77, 032332 (2008).
10
[39] N. Schuch and J. Siewert, Phys. Rev. A 67, 032301 (2003).
[40] Renan Cabrera, Ofer M. Shir, Rebing Wu and Herschel Rabitz, J. Phys.
A 44, 095302 (2011).
[41] P.-I. Schneider, A. Saenz, Phys. Rev. A 85, 050304(R) (2012).
[42] J. K. Pachos, P. L. Knight, Phys. Rev. Lett. 91, 107902 (2003).
[43] L. Isenhower et al.,Phys. Rev. Lett. 104, 010503 (2010).
[44] F. Benatti, R. Floreanini, U. Marzolino, J. Phys. B 44, 091001 (2011).
[45] Nir Bar-Gill, Ch. Gross, I. Mazets, M. Oberthaler, G. Kurizki, Phys.
Rev. Lett. 106, 120404 (2011).
[46] M. Anderlini, P. J. Lee, B. L. Brown, J. Sebby-Strabley, W. D. Phillips,
J. V. Porto, Nature 448, 452 (2007).
[47] Ch. Weitenberg et al., Nature 471, 319 (2011).
[48] M. Aidelsburger, M. Atala, M. Lohse, J. T. Barreiro, B. Paredes, I.
Bloch, Phys. Rev. Lett. 111, 185301 (2013).
[49] D. Jaksch, P. Zoller, New J. Phys. 5, 56 (2003).
[50] J. Joo, Yuan Liang Lim, A. Beige, P. L. Knight, Phys. Rev. A 74, 042344
(2006).
[51] M. Greiner, O. Mandel, T. Esslinger, Th. W. Ha¨nsch, I. Bloch, Nature
415, 39 (2002).
[52] S. Trotzky et al., Science 319, 295 (2008).
[53] J. Simon, W. S. Bakr, Ruichao Ma, M. E. Tai, P. M. Preiss, M. Greiner,
Nature 472, 307 (2011).
[54] I. Bloch, J. Dalibard, S. Nascimbene, Nature Physics 8, 267 (2012).
[55] D. Jaksch, C. Bruder, J. I. Cirac, C. W. Gardiner, P. Zoller, Phys. Rev.
Lett. 81, 3108 (1998).
11
